The high-resolution infrared absorption spectrum of the oxalodinitrile di-N-oxide ͑ONCCNO͒ molecule has been recorded in the gas phase with a Fourier transform spectrometer at a resolution of 0.003 cm
INTRODUCTION
The cyanogen di-N-oxide ͑oxalodinitrile di-N-oxide, ONCCNO͒ molecule was first prepared at the beginning of this century.
1 However, its chemical formula and isolation were not achieved until the early 1960s by Grundmann.
2,3
The ONCCNO molecule was prepared in organic solutions by HCl elimination from the stable dichloroglyoxime ͑HONvC͑Cl͒-͑Cl͒CvNOH͒ precursor. Two strong infrared absorption peaks at 2190 and 1235 cm Ϫ1 were observed in CCl 4 solution. The ultraviolet spectrum, which contains maxima at 312, 295, and 262 nm, can be obtained with a freshly prepared solution of ONCCNO in n-hexane before polymerization occurs to make polyfuroxan. 3 Since dilute solutions are stable at 0°C for several hours, ONCCNO has been widely used in organic chemistry for 1,3-dipolar cycloaddition reactions. 4 The ONCCNO molecule is a candidate for astrophysical observation since it contains only the relatively abundant elements C, N, and O. The symmetric CNO dimer structure is also of spectroscopic and structural interest since there is the possibility of quasilinear behavior as found in HCNO. 5 The symmetric linear CNO dimer ONCCNO has no dipole moment so that pure rotational spectra will be very weak and infrared or ultraviolet observations will be necessary. Pure samples of ONCCNO are difficult to handle. Crystalline, monomeric ONCCNO is stable at Ϫ78°C but begins to visibly decompose near Ϫ45°C and explodes a few minutes later at that temperature. 6 Maier and Teles 7 have reported the formation of ONCCNO by flash vacuum pyrolysis of dichloroglyoxime followed by condensation of the pyrolysis products diluted with argon on a cold ͑10 K͒ window, although they published no spectroscopic data. Until very recently no gas phase measurements have been made. Pasinszki and Westwood 8 have successfully studied gaseous ON-CCNO by He I photoelectron spectroscopy, photoionization mass spectrometry, low-resolution midinfrared spectroscopy as well as ab initio calculations. The strong IR absorption bands at 2226 and 1260 cm Ϫ1 correspond to the antisymmetric ͑ 4 u ͒ and symmetric ͑ 5 u ͒ CNO group stretching vibrations, respectively, which were reported earlier at 2190 cm Ϫ1 and 1235 cm Ϫ1 in CCl 4 solution. 2 Unfortunately, the ab initio calculations did not provide a solid conclusion as to whether the ONCCNO molecule was linear or bent although a linear or quasilinear structure was preferred. Highresolution gas phase spectroscopy can supply additional information on the molecular geometry.
In this work, we report on our high-resolution Fourier transform infrared spectra of the cyanogen di-N-oxide molecule. The 4 and 5 vibrational modes have been recorded in the gas phase and these two fundamental bands have been rotationally analyzed.
EXPERIMENT
The ONCCNO molecule was generated in situ using the same method as described by Pasinszki and Westwood. 8 Briefly, the thermolysis of dichloroglyoxime in a quartz tube ͑8 mm i.d. by 15 cm͒ heated to 550°C gives a good yield of ONCCNO plus HCl with only trace amounts of the side products, NO, CO, CO 2 , and HNCO. The experimental setup is typical for absorption spectroscopic work using a cell and a glower external to the spectrometer. The infrared glower was collimated by a parabolic mirror and passed through a 20 cm long absorption cell equipped with KBr windows and entered the spectrometer through the emission port. The thermolysis products were pumped slowly through the gas cell at a pressure of about 250 mTorr.
The high-resolution absorption spectra were recorded with a Bruker FTS 120 HR spectrometer at the University of Waterloo with a resolution of 0.003 cm
Ϫ1
. The 4 mode, near 2250 cm
, was recorded with an InSb detector and 46 scans were coadded in the 1800-2900 cm Ϫ1 region. A redpass filter with a cutoff at 2900 cm Ϫ1 set the upper wave number limit while the lower wave number limit was set by the band gap of the InSb detector. A HgCdTe detector was used to record the 5 mode at 1260 cm Ϫ1 and the spectrum was obtained by coadding 55 scans. Another redpass filter ͑cutoff at 1672 cm Ϫ1 ͒ set the high wave number limit and the HgCdTe detector response set the lower limit. A KBr beamsplitter was used for both spectra.
ANALYSIS
The spectral analysis program PC-DECOMP, developed by J. W. Brault, was used for the spectral line measurements. Using this program, the line profiles were fitted with Voigt lineshape functions. The signal-to-noise ratio for the strongest lines in the spectrum was about 5:1 and the precision of the line position measurement is better than Ϯ0.0006 cm . An interactive color Loomis-Wood computer program was used to pick out the branches and helped to assign the spectra. The CO molecule was present in the cell as a side product of the thermolysis. The measured spectral lines of the 4 vibrational mode were calibrated with the CO lines using line positions taken from the literature. 9 For the 5 vibrational mode, we used the water absorption for calibration.
10
The 4 fundamental mode Figure 1 shows the high-resolution spectrum of the CNO antisymmetric stretching mode ͑ 4 u ͒ of ONCCNO. The HNCO molecule is present on the high wave number side of the overview spectrum ͓Fig. 1͑a͔͒. Figure 1͑b͒ is an expanded portion of the R branch of the 4 fundamental. The alternation in intensities is caused by the nuclear spin statistics of two equivalent ͑Iϭ1͒ nitrogen atoms. The symmetrically located nitrogen atoms cause an intensity alternation of 2:1 with the even JЉ values being stronger.
The main problem in the analysis was the presence of a large number of hot bands which causes a line density as high as 100 lines/cm
Ϫ1
. It was impossible to locate the band origin because of the overlapping hot bands. The final J assignments were achieved with the help of a small local perturbation at JЈϭ97 in the upper level. Figure 2 shows the perturbed R͑96͒ and P͑98͒ lines. The R͑96͒ line was shifted by 0.005 cm Ϫ1 to higher wave numbers while the P͑98͒ line was shifted by the same amount. There are several other small local perturbations in this band which also confirm the assignments. In total, 230 rotational lines were assigned for the 4 band and they are listed in Table I .
The 5 fundamental mode
The high-resolution spectrum of the CNO symmetric stretching mode ͑ 5 u ͒ is shown in Fig. 3͑a͒ . An expanded portion of the P branch is shown in Fig. 3͑b͒ , again demonstrating the 2:1 intensity alternation due to nitrogen nuclear spin statistics. The measurement and assignment of 5 proceeded in the same way as for 4 . The 5 mode also had a high line density but no perturbations were present to help the assignment. The rotational assignment of 5 was made by changing the relative assignment of the P and R branches until the ground state combination differences matched those of 4 . About 200 lines were assigned and the complete line list is shown in Table II .
The rotational constants
The line positions ͑Tables I and II͒ of the two fundamental bands were fitted together in a global least-squares fit. The energy level expression
was used in the fit and the resulting rotational constants are listed in Table III 
DISCUSSION AND CONCLUSION
The semistable cyanogen di-N-oxide ͑ONCCNO͒ molecule can be generated in situ with a good yield in the gas phase from the precursor molecule dichloroglyoxime by thermolysis. The high-resolution spectra of the ONCCNO molecule have been obtained for the two strongest vibrational modes 4 and 5 . The rotational analysis of these two modes and the intensity alternation of the lines indicates that the ONCCNO molecule is not bent. Indications from the ab initio calculations, and comparisons with similar molecules, suggest that the important CC bond is quite short. 8 The single B value obtained in this work is insufficient to provide this parameter without some assumptions about the CN and NO bond lengths. One approach to this problem is to use the known CN and NO bond lengths in the parent HCNO molecule, 11 and assuming a linear structure, extract the CC value from the rotational constant ͑B 0 ͒ determined in this work. Table IV , structure I, shows the structure of ONCCNO, predicted by this method. This, of course, assumes that the CN and NO bond lengths are transferable from HCNO.
A possible improvement on this method is to see how a computational method ͓MP3͑full͒/6-31G*͔ 8 performs for both HCNO and ONCCNO, and then ''correct'' the CN and NO values and apply them to ONCCNO. With these ''refined'' CN and NO bond lengths, the mutual effect of backto-back CNO groups should be taken into account, and, using the experimental rotational constant, a value for the CC bond length is obtained. This assumes that the differences between the CN and NO bond lengths in HCNO and ONC-CNO are predicted correctly by the MP3 method. Table IV , structure II, shows the revised values for ONCCNO. This structure which takes into account the interaction of the two CNO groups, indicates that the NO bond length has slightly decreased, while the CN bond length has slightly increased, in accord with expectations based on a more delocalized framework.
Both the directly transferred CN and NO lengths, and the corrected values, lead to the result that the CC bond length is about 1.333 Å, approximately the same as that in ethylene, H 2 CCH 2 , a molecule of known double bond character. Table  V shows CC bond lengths for a range of molecules. An important observation is that the experimental CC bond length in cyanogen, NC-CN is 1.389 Å, 12 already much shorter than a typical CC single bond and we anticipate that this will decrease upon adding terminal oxygen atoms ͑compare H 3 CCN and H 3 CCNO in Table V͒ . We note that MP3͑full͒/6-31G* calculations for NCCN predict CC to be 1.393 Å, with similar calculations for ONCCNO predicting CC to be 1.361 Å. 8 The inference from this is that the CC length in ONCCNO is at least 0.03 Å less than that in NCCN.
Clearly, experimental and theoretical studies on this molecule have a long way to go before a full characterization is achieved. For example, the possibility of quasilinear behavior cannot be ruled out at this stage of the analysis. We plan additional experiments to record spectra of the much weaker bending vibrational modes as well as combination bands. This work will help assign the numerous hot bands that we have measured and will provide information on the missing modes of gerade symmetry.
